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OSTEOPOROSIS AND ROLE
RANKL-RANK-OPG SYSTEM

AND NOTCH SIGNALING PATHWAY
IN BONE DEVELOPMENT

AND REMODELING

Physiological bone remodeling is a highly coordinated process responsible

for bone resorption and formation and is necessary to repair damaged bone
and maintain mineral homeostasis. In addition to the traditional bone cells,
osteoblasts, osteoclasts and osteocytes, that are necessary for bone re-
modeling biological active factors have also been implicated in bone disor-
ders. This review discussed in detail are the cellular and molecular mecha-
nisms of bone remodeling, including events that orchestrate the role cyto-
kine RANKL-RANK-OPG system and Notch signaling of bone remodeling
and development of osteoporosis.

INTRODUCTION

Osteoporosis (OP), a progressive systemic skele-
tal disorders characterized by low bone mineral density
(BMD), deterioration of the microarchitecture of bone
tissue, and increases risk for fracture. OP is a complex
multifactoral disease, determined by genetic and envi-
ronmental factors as well as their interactions. A lange
number of molecular, genetic and environmental fac-
tors underlying OP have been indentified in past de-
cades [62]. OP is defined by the World Health Organi-
zations (WHO) as a BMD that is 2,5 standard deviation
or more below the mean peak bone mass [64]. OP is
becoming an escalating problem worldwide due to an
increase in life expectancy and therefore in the ageing
population. Currently itis estimated that over 200 million
people worldwide suffer from this disease [14]. Approx-
imately 30% of all postmenopausal women have OP in
the United States and in Europe. Ageing of populations
worldwide will be responsible for a major increase of the
incidence of OP in postmenopausal women. The most
significant outcome of low bone mass and deteriorated
bone quality is fracture, which is most commonly at the
hip, radius, and vertebra [16] (Figure 1). The estimated

causes of OP in the United States alone are at 10 mil-
lion, with another 34 million individuals at risk of frac-
ture due to low bone mass. An estimated prevalence is
that the number of persons older than age 50 with OP
will increase to 12 million by the year 2010 and to nearly
14 million by the year 2020 [31]. The annual incidence of
osteoporotic fractures exceeds 1.5 million in the U.S.A.
Hip fractures are projected to increase to 6,3 million by
the year 2050. The mortality rate in the patients with hip
fracture is 1 in 5 persons during the first year after frac-
ture [14]. Osteoporotic fractures have been estimated to
cost the US health care system approximately 17 billion
$ annually, with an annual cost projected to approach
50 billion $ by the year 2040; similarly, the total osteopo-
rotic fractures — related direct costs in Europe are fore-
casttoincrease from 23,1 billion€in 2010 to 56 billion €
by the year 2050 [26, 32]. Thus, the effective prevention
and treatment of fragility fractures in the OP patients is
very importantin the current clinical practice worldwide.
This article reviews the cellular participants and molec-
ular mechanisms that coordinate bone remodeling and
include an assessment of cytokine receptor activator of
nuclear factor kappa B (NF-kB) ligand (RANKL) RANKL-

Figure 1. Typical osteoporotic fractures at the distal forearm (A), spine (B) and hip (C; from Strom O. et al. [57])
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RANK-OPG system and Notch signaling and their key
role in regulating normal bone physiology and develop-
ment of the OP.

CELLS INVOLVED IN BONE REMODELING:
OSTEOBLASTS AND BONE FORMATION

Bone is a dynamic tissue that undergoes continual
adaption during life to attain and preserve skeletal size,
shape and structural integrity and regulate mineral ho-
meostasis. Two processes, remodeling and modeling,
underpin development and maintenance of the skele-
tal system. Bone modeling is responsible for growth and
mechanically induced adaption of bone and requires
that the process of bone formation and bone resorp-
tion, while globally coordinated, occur independently
at distinct anatomical location. This tightly coordinated
eventrequires the synchronized activities of multiple cel-
lular participants to ensure bone resorption and forma-
tion occur sequentially at the same anatomical location
to preserve bone mass. Bone remodeling is a physio-
logical process that maintains the integrity of the ske-
leton by removing old bone and replacing it with a young
matrix. Two principle cell types are found in bone, the
osteoclast, and the osteoblast, which are the major ef-
fectors in the turnover of bone matrix [52, 56]. Osteo-
blasts and osteoclasts dictate skeletal mass, structure,
and strength via their respective roles in resorbing and
forming bone. Osteoblasts are specialized mesenchy-
mal-derived cells whose function is the deposition and
maintenance of skeletal tissue. Osteoblasts derive from
pluripotent mesenchymal stem cells (MCS) that prior to
osteoblast commitment can also differentiate into other
mesenchymal cells lineages such as fibroblasts, chon-
drocytes, myoblasts and bone marrow stromal cells in-
cluding adipocytes, depending on the activated signal-
ing transcription pathways. Understanding the mech-
anisms that control the differentiation of osteoblastic
cells from MCS is thus one of the fundamental areas of
research of bone biology. Several specific transcription
factors are responsible for the commitment of pluripo-
tent MSC into the osteoblast cell lineage [2]. Lineage-
specific gene expression is ultimately under the con-
trol of transcription factors that act to regulate specifi ¢
gene expression. They act as the key switching mecha-
nisms to induce gene transcription. Considerable prog-
ress has been made in identifying those transcription
factors which act as «<master switches» during commit-
ment of multipotent cells to specific lineages. A major
breakthrough in understanding genetic regulation of os-
teoblast differentiation was made with the identification
of the role of the transcription factor core binding fac-
tor 1 (Cbfa-1/runt-related transcription factor-2 (RUNX-
2)) [2, 34, 35]. Cbfa-1/RUNX-2 expression is an abso-
lute requirement for osteoblast differentiation. In Cbfa-1
knockout mice there is a normal cartilaginous skeleton
seen buta complete absence of bone formation [61, 63].
Cbfa-1/RUNX-2 known to interact directly with the os-
teocalcin promoter to induce its expression [12]. How-
ever an additional transcription factor, Osterix, which is
adownstream target for Cbfa-1/RUNX-2, has also been
shown to be an absolute requirement for normal osteo-
blast differentiation in knockout mice experiments [35].

More recent studies have shown the existence of dis-
tinct isoforms of Cbfa-1, which may have subtly differ-
entroles during normal tissue formation, including regu-
lation of cartilage expression in addition to bone. An-
other runt-related gene that plays an important role in
the commitment of multipotent MSC to the osteoblas-
tic lineage and for osteoblast differentiation at an ear-
ly stage is RUNX-2. Cbfa-1/RUNX-2 are involved in the
production of bone matrix proteins [69], as it is able to
up-regulate the expression of major bone matrix pro-
tein genes, such as type | collagen, osteopontin, bone
sialoprotein and osteocalcin leading to an increase of
immature osteoblasts from MCS; the immature osteo-
blasts from immature bone [35, 61]. Osteoblast com-
mitment, differentiation and growth are controlled by
several local and systemic factors that can also act in
a paracrine and/or autocrine way and that can regulate
the activity of specific transcription factor [12]. Huge ad-
vances have been made in the understanding of cellu-
lar and molecular control of bone formation in the past
decade. The establishment of in vitro models of osteo-
blast differentiation and formation has been essential
for determining the effects of specific growth factors
and growth factor-induced transcription factors on os-
teogenesis. Osteoblasts play a crucial role in the pro-
cess of bone formation, in the induction and regulation
of extracellular matrix mineralization and in the control
of bone remodeling [53]. During bone formation, ma-
ture osteoblasts synthesize and secrete type | collagen
(which represents the greated part of the organic extra-
cellular bone matrix) and various non-collagen proteins
such as osteocalcin, osteopontin and bone sialoprotein
(which exert various essential functions, including the
regulation of bone turnover, the control of bone mineral
deposition and regulation of bone cell activity). Osteo-
calcin (Gla) is a vitamin-K-dependent osteoblast-specif-
ic protein and whose synthesis is enhanced by 1.25 OH
vitamin D; and reflects metabolic cellular activity. Of the
de novo synthesized osteocalcin, 60-90% is incorpo-
rated into the bone matrix where it binds to hydroxyap-
atite during matrix mineralization. Osteopontin (OPN) is
a phosphorylated acidic glycoprotein that is present in
large amounts inimmature bone. OPN is synthesized by
osteoblast butis expressed by other cellular types, such
as chondrocytes; it is involved in various physiological
and pathological events. Bone sialoproteins | glycosylat-
ed, phosphorylated and sulfated protein that promotes
hydroxyapatite crystal nucleation and osteoblast differ-
entiation [24]. This has been confirmed by the observa-
tion that bone-sialoprotein-knockout mice present hy-
po-mineralized bone, areduction in the size of their long
bones and aberrant levels of osteoblast markers [44].
Osteoblasts also synthesize cytokine interleukin (IL)-1
andIL-6, which control bone cellsin an autocrine and/or
paracrine manner. Various in vitro studies of human and
murine osteoblastic cell lines suggest that IL-1 can af-
fect proliferation, collagen and osteocalcin synthesis and
alkaline phosphatase (Alp) production [41, 47]. Osteo-
blasts express receptors for various hormones including
parathyroid hormone (PTH) [52], 1.25 (OH),D, [48], es-
trogenes [33], which are involved in the regulation of os-
teoblast differentiation and activity. Vitamin D, is able to
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modulate the metabolic activity of osteoblasts through
the activation of a series of Vitamin-D-responsive genes
that reflect a more mature osteoblast phenotype.

CONTROL OF BONE REMODELING

BY OSTEOBLASTS:

THE ROLE RANKL-RANK-OPG SYSTEM
OF THE OSTEOCLAST DEVELOPMENT

In recent years it has become evident that osteo-
blasts have a global role in orchestrating the bone re-
modeling process. Their function is not restricted sole-
ly to bone formation, but it is now firmly established that
they are responsible for initiating bone resorption. In cel-
lular terms, apart from forming the mineral and organic
extracellular compartment of bone, the osteoblast pro-
vides the essential and sufficient stimuli that control the
behavior of the osteoclast, an event that occurs via cell-
cellinteraction. The bone resorption cascade involves a
series of steps directed towards the removal of both the
mineral and organic constituents of bone matrix by os-
teoclasts, aided by osteoblasts. The role of the osteo-
clastas amajor resorbing cell, and its structure and bio-
chemical properties have been well characterized [4].
The first stage involves the recruitment and dissemina-
tion of osteoclast progenitors to bone. The progenitor
cells are recruited from the haemopoietic tissue such as
bone marrow and slenic tissue to bone via the circulat-
ing blood stream. They proliferate and differentiate into
osteoclasts through a mechanism involving cell-to-cell
interaction with osteoblast stromal cells. Osteoclast for-
mation from osteoclast precursor is regulated predomi-
nantly by osteoblastic cells during normal bone remod-
eling. Osteoblastic cells in the bone marrow express
two cytokines that are required for osteoclast-progen-
itor differentiation into osteoclasts: RANKL and osteo-
protegerin (OPG) [55] (Figure 2). The discoveries of the
RANKL and OPG have revolutionized our understanding
of the process underlying osteoclast formation and acti-
vation [29, 60]. RANKL and OPG potently stimulate and
inhibit, respectively, osteoclast differentiation. RANKL
is a membrane bound factor that is produced by osteo-
blasts and stromal cells in response to a variety of sig-
nals such as PTH, tumor necrosis factor (TNF)-aand IL-
1. RANKL bind to the cytoplasmic membrane receptor
RANK (receptor activator of NF-kB), which is a mem-
ber of the TNF receptor super family and subsequently
induces both osteoclast differentiation and activation.
OPG is a soluble decoy receptor for RANKL and can in-
hibit its effects, thereby preventing osteoclast develop-
ment and subsequent bone resorption [6]. Over expres-
sion of OPG in transgenic mice results in osteopetro-
sis, and, conversely, OPG deficient mice exhibit severe
OP. Many of the same agent that stimulate RANKL ex-
pression (including PTH, IL-1, prostaglandin E) also in-
hibit OPG expression [47], which enhances osteoclas-
togenesis even further. While fibroblast growth factor-2
induces RANKL expression by osteoblasts, it also inhib-
its osteoclast differentiation directly by interfering with
the action of macrophage colony stimulating factor (M-
CSF) [48]. In contrast, to the stimulatory effects of the
agents described above, estrogen inhibits the produc-
tion of RANKL by osteoblasts [33]. Transforming growth
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Figure 2. RANKL-RANK-OPG system and regulation of osteoclast pre-
cursor by osteoblast. Under physiologic condition, RANKL produced by
osteoclasts binds to its receptor RANK on the surface of osteoclast pre-
cursors and recruits the adaptor proteinTRAF6, leading to NF-kB activa-
tion and translocation to the nucleus. NF-kB increases c-Fos expression
and c-Fos interacts with NFATc1 to trigger the transcription of osteo-
clastogenic genes. OPG inhibits the initiation of the process by binding
to RANKL. Abbreviations: NFATc1 — nuclear factor of activated T-cells;
TRAF — TNF receptor associated factor

factor (TGF)-B also strongly suppresses RANKL expres-
sion by osteoblasts, whereas it stimulates OPG expres-
sion [8]. Administration of RANKL to mice causes OP,
whereas disruption of the RANKL gene in mice leads
to severe osteopetrosis, impaired tooth eruption, and
the absence of osteoclasts [43]. Membrane bound M-
CSF is also a critical early modulator in the differentia-
tion of osteoclasts [40]. M-CSF binds to c- Fms on the
surface of osteoclast precursors, and this event en-
hances their proliferation and survival. M-CSF enhanc-
es the survival of monocyte stem cells thereby permit-
ting them to respond to direct inducers of differentiation
such as RANKL. A combination of M-CSF and RANKL is
sufficient for human, mouse, and rat multinucleated os-
teoclast formation in vitro [2]. Although RANKL is crit-
ical for osteoclast formation and activation, a series of
complementary studies has revealed a number of addi-
tional gene products that are necessary for osteoclas-
togenesis and a variety of hormones and cytokines that
modulate osteoclast formation [47, 30]. Deletion of the
genes for M-CSF, c-fos, RANK and NF-kB results in ab-
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sent osteoclast formation confirming their requirement
for osteoclastogenesis. Osteoclasts are formed in mice
whom the genes for TRAF6 and the c-fos have been
deleted; however, these osteoclasts exhibit defects in
bone resorption resulting in osteopetrosis [11]. Interest-
ingly, another TRAF6 knockout mice exhibits defective
osteoclastogenesis [25]. TRAF6 activates the MAP ki-
nase cascade, and eventually activates JNK, JKK and
N-kB have been directly implicated in the response to
RANKL [11].Different domains of TRAF6 modulate both
the initial differentiation and subsequent maturation
of osteoclasts by activating various kinase cascades.
RANKL also activates NF-kB in osteoclasts, in large part
via TRAF stimulation of Ik kinase (IKK) to phosphorylate
IkB, which then dissociates from NF-kB, and permits NF-
kB translocation into the nucleus and subsequent bind-
ing to NF-kB responsive genes. TNF-a also acts to in-
duce osteoclast formation and activation in concert with
RANKL via the TNF receptor and TRAF2/6 and subse-
quently to activate NF-kB signaling [25].

OSTEOCLAST AND BONE RESORPTION

The development of an in vitro bone resorption mod-
el using isolated primary osteoclasts and mineralized
bone matrix as a substrate almost twenty years ago pro-
vided an excellent system for detailed cell biological stud-
ies of bone resorption [58]. Although this model has sev-
eral limitations in attempts to study the whole physiolog-
ical cascade of bone resorption, it provides an excellent
tool for detailed studies of the cellular mechanisms in-
volved in the destruction of mineralized bone matrix. The
sequence of cellular events needed for bone resorption
is called the resorption cycle. Resorption requires cellu-
lar activates : migration of the osteoclast to the resorp-
tion site, its attachment to bone, polarization and forma-
tion of new membrane domains, dissolution of hydroxy-
apatite, degradation of organic matrix, removal of
degradation products from the resorption lacuna, and fi-
nally either apoptosis of the osteoclasts or their return to
the nonresorbing stage. The term resorption cycle cov-
ers neither the differentiation pathway nor the cellular ac-
tivities needed for the fusion of mononuclear precursor
to form the multinuclear mature osteoclast. It should not
be mistaken for the more widely used term remodeling
cycle, which is used to describe the bone remodeling at
the tissue level that involves the activities of several dif-
ferent cell types. After migration of the osteoclastto are-
sorption site, a specific membrane domain, the sealing
zone, forms under the osteoclast. The plasma membrane
attached tightly to the bone matrix and seals the resorp-
tion site formits surroundings.The molecular interactions
between the plasma membrane and the bone matrix at
the sealing zone is stillunknown. Several lines of evidence
have shown, however, that integrins play an important
role in early phases of the resorption cycle [70]. At last
four differentintegrins are expressed in osteoclasts: av33,
avB5, a2B1 and avB1 [38]. The role of av33 has received
much attention, because antibodies against avB3, as well
asargynine-glycine-aspartic acid (RGD)-containing pep-
tides such as echistation and kistrin, are defective inhib-
itors of bone resorption both in vitro and in vivo [17].
avB3 is highly expressed in osteoclasts and is found but

what the plasma membrane and in various intracellular
vacuoles. However, the precise function of avB3in re-
sorbing osteoclasts remains unknown; the integrin could
play a role both in adhesion and migration of osteoclasts
and in endocytosis of resorption products. The latter pos-
sibility is supported by the observation that high amount
of avB3 are present at the ruffled border and by recent
data from receptor-binding assays showing that dena-
tured type | collagen has a high affinity for av3 [70]. Some
authors have suggested that avB3 integrin also mediates
the attachment of the sealing zone to the bone matrix [70].
Previous ultrastructural studies indicated that resorbing
osteoclasts are highly polarized cells [5]. Current data
suggest that resorbing osteoclasts contain not only the
sealing zone but also at least three other specialized mem-
brane domains: a ruffled border, a functional secretary
domain and a basolateral membrane [52, 58]. As the os-
teoclast prepares to resorb bone, it attaches to the bone
matrix through the sealing zone and forms another spe-
cific membrane domain, the ruffled border. The ruffled
border is aresorbing organelle, and itis formed by fusion
of intracellular acidic vesicles with the region of plasma
membrane facing the bone [58]. During this fusion pro-
cess much internal membrane is transferred, and forms
long, finger-like projections that penetrate the bone ma-
trix. The characteristics of the ruffled border to not match
those of any other plasma membrane domain described.
Although facing the extracellular matrix, it has several fea-
tures that are typical of late endosomal membranes. Sev-
eral late endosomal markers, such as CIC-7, V-type H*-
ATPase, are densely concentrated at the ruffled bor-
der [51]. The main physiological function of osteoclast is
degrading mineralized bone matrix. This involves disso-
lution of crystalline hydroxyapatite and proteolytic cleav-
age of the organic matrix, which is rich in collagen. Be-
fore proteolytic enzymes can reach and degrade collag-
enous bone matrix, tightly packed hydroxyapatite crystals
must be dissolved. It is now generally accepted that the
dissolution of mineral occurs by targeted secretion of HCI
through the ruffled border into the resorption lacuna. This
is an extracellular space between the ruffled border mem-
brane and the bone matrix, and is sealed from the extra-
cellular fluid by the sealing zone. The low pH in the re-
sorption lacunais achieved by the action of ATP-consum-
ing vacuolar proton pumps both at the ruffled border
membrane and in intracellular vacuoles. Osteoclasts at-
tach to bone and form a circumferential sealing zone that
isolates the bone resorption compartment from the ex-
tracellular space. Osteoclast plasma membrane within
the sealing zone develops into the ruffled border. The ob-
servation that NH4CI reversibly inhibits bone resorption
by osteoclastsindicates that the resorption compartment
is acidic and that the sealing zone isimpairment to H* and
NH,. The osteoclast cytoplasm is rich in carbonic anhy-
drase Il (CA ) [20], proving a continuous supply of pro-
tonsand bicarbonate. Protons are transported across this
membrane into the bone resorption compartment by vac-
uolar-type H*-ATPase (V-type ATPase) [51]. Chloride ions
passively follow the protons through conductive anion
channels [50]. The combined activities of the proton pump
and chloride channel acidify the resorption compartment
and alkalinize the cytoplasm. Bicarbonate exits the cell
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into the extracellular space in exchange for chloride via a
basolateral electroneutral anion exchanger, correcting
the cytoplasmic alkalinization and compensating for cy-
toplasmic chloride loss. The net result of these coordi-
nated transport activities is the transcellular movement
of HCl into the bone resorption compartment. This mod-
el predicts that both the ruffled border proton pump and
chloride channel play key roles in bone resorption. The
proton pump provides the proton-motive force necessary
to generate a pH gradient. However, the pump is electro-
genic. The chloride channel shot-circuits the electrogen-
ic pump and allows maximal proton transport. It follows
that limitation of the chloride conductance could inhibit
acid transportindependently of the intrinsic activity of the
proton pump. Analogous to a current model for regula-
tion of the pH of some intracellular organelles, regulation
of the anion conductance rather than proton pump activ-
ity could be the key point at which the rate of osteoclast
acid transport, and hence bone resorption, is governed.
Thus, molecular characterization of the ruffled border
chloride channel may provide insight into regulation of
osteoclast bone resorption and could define a pharma-
cological target for the treatment of metabolic bone dis-
ease [4]. The osteoclast proton pump is sensitive to bafilo-
mycin A1, which also effectively inhibits bone resorption
both in vitro and in vivo. The recent finding that vacuolar
ATPase at the ruffled border contains cells specific sub-
units has further encouraged development of resorption
inhibitors thatinhibit the osteoclast proton pump. Protons
for the proton pump are produced by cytoplasmic car-
bonic anhydrase Il, high levels of which are synthesized
in osteoclasts. In order to generate protons, the presence
of CAllis essential. It catalyzes the conversion of H,O and
CO, into H,CO;4, which then is ionized into H" and HCO™
5 [49]. Mutation in CA Il can cause osteopetrosis due to
non-functional osteoclasts [45]. The HCO; ions are ex-
changed for CI-through an anion exchanger, membrane
transport protein AE2, located in the basolateral mem-
brane, leading to continued of CI- for acidification of the
resorption lacuna [46]. After solubilization of the mineral
phase, several proteolytic enzymes degrade the organic
bone matrix, although the detailed sequence of events at
the resorption lacuna is still obscure. Two major classes
of proteolytic enzymes, lysosomal cysteine proteinases
and matrix metalloproteinases (MMPs) have been stud-
ied most extensively. Osteoclasts produce proteases, of
which cysteine proteinase cathepsin K has prevent to be
the mostimportant [23], aiding the degradation of the or-
ganic bone matrix. Eleven different types have been de-
scribed (B, C, F, H, K, L and other) with cathepsin K be-
ing the most important with respect to bone remodeling,
since itis a protease with intense collagenase activity, es-
pecially with respect to acid pH, which is essential to dis-
solve calcic hydroxyapatite, the main mineral component
of bone. It degrades the two types of collagen, land lland
is predominantly expressed in osteoclasts [39]. Cathep-
sin K gives rise to specific degradation products-like C-
terminal cross-linking telopeptide of type | collagen (CTX-
1), which can be used for measurements of bone resorp-
tion [10]. The role of cathepsin K in bone resorption was
determined using evidence from an autosomal recessive
osteochondrodysplasia named pycnodysostosis, a very
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rare disease characterized by high BMD, acroosteolysis
of the distal phalanxes, shot stature, and cranial defor-
maties with late closing of the fontanelles [66]. Studiesin
mice submitted to nonfunctional mutations of cathepsin
have given rise to different models of osteopetrosis [23].
Matrix in bone resorption [20], during which, MMP activ-
ity is known to give rise to a specific degradation frag-
ment, C-terminal telopeptide of type | collagen (ICTP) [7].
After matrix degradation, the degradation products are
removed from the resorption lacuna through a transcytot-
ic vascular pathway from the ruffled border to the func-
tional secretory domain, where they are liberated into the
extracellular space. Quantitative data are still missing, but
clear large amounts of degraded extracellular material
must be transported through the resorbing cell, given that
the volume of the resorption pit can easily exceed the vol-
ume of the entre cell. The extent to which the degrada-
tion of collagen and other matrix componentsis extracel-
lular and the extent to which this takes place in intracel-
lular transcytotic compartments are not known. Recent
results have suggested that tartrate-resistant acid phos-
phatase (TRAP), awidely used osteoclast marker, is lical-
ized in the transcytotic vesicles of resorbing osteoclasts,
and that it can generate highly destructive reactive oxy-
gen species able to destroy collagen. This activity, togeth-
erwith the co-localization of TRAP and collagen fragments
in transcytotic vesicles, suggests that TRAP functions in
further destruction of matrix-degradation productsin the
transcytotic vesicles. The observed mild osteopetrosisin
TRAP-knockout mice support this hypothesis [7].

NOTCH ROLE IN BONE DEVELOPMENT
AND REMODELING

Bone is a dynamic tissue, undergoing a continual re-
modeling process involving a cycle of formation of new
bone tissue and breakdown (resorption) of older bone tis-
sue. In OP, the balance of these processes is tipped to-
ward resorption, leading to weakening of bone tissue and
increased risk of fracture [54]. Recent progress in OP re-
search has suggested that decreased BMD is the result of
an active process of osteogenic differentiation, induced
by aresorption response. At molecular level, the bone de-
velopment and remodeling process is regulated by a net-
work of signaling pathways, including Wnt/B-catenin —
BMPs pathways, and Notch signaling, which control the
master regulator of osteogenesis Cbfa 1/ RUNX2. The
canonical Notch signaling pathway, implicated in skeletal
development and disease, consist of five ligands (Delta-
like ligand 1, 3, 4 and Jagged 1, 2) that interact with four
Notch receptors (Notch 1-4) (Figure 3). Since Notch re-
ceptors and their ligands are transmembrane proteins,
cell-cell interaction is required for activating Notch sig-
naling cascades [19]. Notch proteins can be divided into
three parts: an extracellular domain, a transmembrane
segment, and Notch intracellular domain (NICD) [36].
Upon ligand binding, the Notch receptor is cleaved, first
by TNF-a conversion enzyme (ADAM) and then subse-
quently by the gamma secretase complex that consist
of Presenilin 1 and 2 in mammals. Upon receptor cleav-
age, the NICD translocates to the nucleus where it binds
to the transcription factor recombination signal binding
protein for immunoglobulin kappa j (RBP-jk) to regulate
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the expression of the target genes. This binding, along
with the co-activator Mastermind-like (MAML), result in
a switch from a transcriptional repressor complex to an
activation complex. Together, this binding complex ulti-
mately activates expression of downstream target genes
such as basic helix-loop-helix transcriptional repressors
related to Hairy enhancer of split (Hes 1, 5, 7), or to Hes-
related with YRPW motif (Hey 1, 2 and L), to affect many
cellular processes including cell proliferation and differ-
entiation [37]. While the NICD protein has the ability to
function in an RBP-jk-independent manner, non-canon-
ical Notch signaling has yet to be implicated in skeletal
development. Notch signaling has emerged as an im-
portant regulator of skeletogenesis with multiple roles in
chondrogenesis, osteoblastogenesis and osteoclasto-
genesis. In addition, Notch pathway manipulation in the
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Figure 3. Simplified mechanism of the Notch signaling pathway. The
Notch signaling pathway is activated by enzymatic cleavages that occur
to the heterodimeric Notch receptor (in shaded). Humans process four
homologous Notch receptors, each of which consists of an extracellular
domain (NECD), transmembrane domain (NTM) and an intracellular do-
main (NICD). After being synthesized, the Notch receptors are anchored
into the cell membrane, where they may bind their canonical ligands,
which are also transmembrane proteins. This triggers the endocytosis of
NECD and exposes NTM to cleavage by an ADAM metalloprotease (S2).
A Notch extracellular function (NFXT) intermediate is produced and is
further cleaved by gamma-secretase (S3) to generate the active NICD.
NICD is then translocated to the nucleus where it binds transcription fac-
tor (RBP-jk). Upon binding RBP-jk, which is normally in a transcriptional-
ly repressed state, NICD replaces a co-receptor complex on RBP-jk with
a co-activator complex that includes Mastermind (MAML). This Notch
transcriptional activating complex, does on to enhance transcription of
Notch target genes (Hes, Hey), which code for proteins involved in self-
renewal and in preventing differentiation

osteogenic lineages in vivo demonstrates that Notch in-
hibits osteogenic differentiation and growth in skeleton.
In this chapter, we will discuss Notch pathway regulation
of normal skeletal development and its role in bone dis-
eases such as OP and osteopetrosis.

NOTCH INHIBITION OF OSTEOBLAST
DIFFERENTIATION

Bone is mineralized connective tissue that is the main
component of the skeletal system and provides strength
and supportfor the body. There are two types of bone for-
mation, endochondral ossification (described above) and
intramembranous ossification, which forms the flat bones
of the body and involves the differentiation of cells within
the mesenchymal condensations directly into bone [13].
Osteoblasts, or bone forming cells, share acommon pro-
genitor with chondrocytes and are also derived from mul-
tipotent mesenchymal cells [9]. After osteoblast lineage
induction, the precursor population proliferates to expand
and subsequently undergoes maturation and finally min-
eralization. Residing near the bone surface, osteoblast
precursor cells proliferate and commit to the osteoblast
lineage. These pre-osteoblasts undergo matrix matura-
tion through the expression of early markers of osteo-
genic differentiation including Col1a1, Alp and Runx2 and
subsequently mineralize and express late makers of 0s-
teoblast differentiation including osteocalcin (Ocn) [13].
Mature and functional osteoblasts, or osteocytes, pro-
vide mechanical supportand regulate mineral deposition.
Notch regulation of osteoblast commitment and differen-
tiation has been well documented. /n vitro studies show
that Notch signaling suppresses osteoblastic differenti-
ation through the inhibition of osteogenic markers Alp,
Ocn, Col1a1 and Runx2, resulting in suppression of cal-
cification [1, 67]. In stromal cells, NICD signaling inhibits
osteoblastogenesis by Hes1-mediated suppression of
Wnt/B-catenin signaling, indicating an antagonistic rela-
tionship between the pathways in osteogenesis [15, 27,
42]. Furthermore, repression of osteoblast differentia-
tion is also mediated through Notch1 itself or by Notch
downstream effectors Hes1 and Hey1 binding directly to
and inhibiting Runx2 transcriptional activity [18, 27, 28].
Runx2 is considered the master regulator of osteoblast
differentiation. Forced expression of Runx2 in non-osteo-
blast cells is sufficient to induce the expression of many
osteoblast genes while Runx2 null mice lack osteoblasts,
resulting in defective osteoblast differentiation and no en-
dochondral or intramembranous bone formation. Thus,
Notch-mediated repression of Runx2 transcriptional ac-
tivity provides evidence for a direct mechanisms osteo-
blastogenesis inhibition [1]. In disagreement, two stud-
ies show that increased Notch signaling in MC3T3 cells
stimulates osteoblast differentiation through the induc-
tion of calcific nodules. ltis likely that the differing results
could be due to cell culture conditions or the cell lines uti-
lized and that the timing and levels of Notch signaling de-
termine its effects on osteogenic gene induction. While
there have been controversial in vitro results, recent in
vivo data have helped clarify the role of Notch signaling in
osteoblastogenesis [18] Loss of Presenilin1 and Preseni-
lin2 inthe osteoblast lineage results in overall loss of bone
mass and age-related OP. Over-expression of NICD un-
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der the control of the 3.6kb Col1a1 promoter, expressed
in early osteoblast precursors, results in runting from an
overall decrease of bone volume leading to osteopenia.
NICD over-expression with the 2.3kb Col1a1 promoter,
expressed in mature osteoblasts, also results in skeletal
dysfunction with progressive growth retardation, but due
to increased proliferation of immature osteoblasts lead-
ing to increased bone mass and osteosclerosis. In this
setting, Notch inhibits terminal osteoblast differentiation
of committed progenitors, which allows for proliferation
ofimmature osteoblasts. Together, activation of NICD in-
hibits osteoblast differentiation in both cases, but the re-
sulting phenotype is dependent on the time of inhibition.
Loss of Notch1 alone or of Notch1 and Notch2 togetherin
differentiated osteoblasts did not result in skeletal abnor-
malities, indicating that Notch does not regulate mature
osteoblast homeostasis, but inhibits osteoblast precur-
sor differentiation during development [18]. Collective-
ly, these in vitro and in vivo studies illustrate Notch inhibi-
tion of osteoblast differentiation at multiple stages of os-
teoblastogenesis.

NOTCH PATHWAY SUPRESSION
OF OSTEOCLASTOGENESIS

Osteoclasts are derived from hematopoietic cells
of the monocyte/macrophage lineage and provide
the unique function of bone resorption. In conjunction
with bone producing osteoblasts, osteoclasts maintain
the skeletal system in homeostasis. Osteoclastogene-
siscommences when a subset of macrophages commit
to the osteoclast lineage, proliferate, differentiate and
reabsorb bone. After osteoclast lineage determination,
M-CSF is required for pre-osteoclast proliferation and
survival. However, the differentiation of osteoclasts is
essentially regulated by signaling interaction with os-
teoblasts. Osteoblasts express M-CSF and RANKL to
promote macrophage commitment to the osteoclast
lineage. RANKL promotes osteoclastogenesis through
the stimulation of a transcription factor complexinclud-
ing NFATc1, while also later promoting bone resorption
through the induction of a bone reabsorbing complex
including the RANK receptor. Similar to RANKL, OPG is
produced by osteoblasts and competes with the RANK
receptor for RANKL, acting as a decoy receptor effec-
tively modulating osteoclast production. Therefore, the
balance between the osteoclast stimulator, RANKL and
the osteoclast inhibitor, OPG, determines the amount
and rate of osteoclast production. Notch signaling neg-
atively regulates osteoclastogenesis as demonstrated
by in vitro and in vivo manipulation of Notch signaling
directly in osteoclasts and indirectly in osteoblasts [3].
Activated DII1 inhibits osteoclast formation in hemato-
poietic cells, while constitutively active Notch1 reduces
M-CSF and enhances RANKL and OPG gene expres-
sion, resulting in an overall reduction of osteoclast for-
mation in stromal cells [21]. In a further study constitu-
tively active NICD expression in mesenchymal cell lines
inhibits osteoclastogenesis via inhibition of RANKL ex-
pression. In agreement, Jagged1 inhibits osteoclasto-
genesis in bone marrow macrophages while Notch1 and
Notch3 loss of function in vivo in the osteoclast lineage
directly promotes osteoclast formation with increased
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cell proliferation [3]. Furthermore, loss of Notch1 in the
osteoblastlineage increases RANKL expression and de-
creases expression of OPG, therefore, indirectly promot-
ing osteoclast formation [3]. In addition, conditional loss
of Presenilin1 and Presenilin2 in the osteoblast lineage
results in increased osteoclasts due to a reduction of
OPG expression, leading to OP [18, 68]. Overall, these
studies show that Notch signaling negatively regulates
osteoclast formation and proliferation. Recently, some
controversy on the role of Notch signaling in osteoclas-
togenesis has arisen with a study showing that RANKL
has the potential toinduce Jagged1 and Notch2 in bone
marrow macrophages, while loss of Notch signaling or
introduction of Notch2 shRNA suppresses RANKL-in-
duced osteoclastogenesis. Likewise, Notch2 was shown
to bind to the NFATc1 promoter and drive its expression,
also resulting inincreased osteoclast formation [22]. Itis
plausible that Notch signaling regulates multiple stages
of osteoclastogenesis to either activate or repress os-
teoclast formation and activity. However, additional stud-
ies a required to reconcile these differing roles of Notch
signaling in osteoclastogenesis.

CONCLUSION

Invitro and in vivo studies support arole for the Notch
pathway in osteoblastogenesis, osteoclastogenesis and
bone formation. However, the direction (inhibitory or
stimulatory) of the effect of Notch signaling on osteo-
blastogenesis is controversial. Loss of Notch signaling
in osteoblasts may lead to OP through activation of os-
teoclastogenesis [18, 68]. In contrast, suppression of
Notch signaling by a selective y-secretase inhibitor or
Notch short hairpin RNA suppresses RANKL-induced
osteoclastogenesis, whereas ectopic expression of in-
tracellular Notch promotes osteoclastogenesis [66].
Interestingly, a genome-wide association study identi-
fied JAG1 as a candidate gene for BMD regulation and
a potential risk factor for fracture [38]. These findings
are concordant with the increased risk for pathologic
fractures observed in individuals with OP. Further inves-
tigations are needed to understand the mechanisms by
which OP may be caused by Notch dysfunction. Finally,
new findings establish an important role for Notch sig-
naling in bone homeostasis that may lead to better un-
derstanding of the mechanisms contributing to OP. Ad-
vances understanding the role of Notch in various cells
of the skeleton have provided important insights into
the etiology of skeletal conditions like osteosclerosis
and OP. Attempts to modulate Notch signaling path-
ways have been made to treat disease such as OP in
various mouse models. To translate these results into
therapeutic reality, toxicity needs to be considered in
terms of usage of gamma-secretase inhibitors or pan-
Notch receptor antibodies, which have demonstrated
high intestinal toxicity in rodents [65]. Antibodies that
recognize the Notch negative regulatory region and an-
tagonize individual Notch receptors may reduce or limit
this adverse effect [59, 65]. Ligand-specific antibodies
against DII1 and DII4 further reduce the toxicity in treat-
ing a mouse model of graft-versus-host disease [59],
suggesting a rational design of ligand neutralizing an-
tibodies specific for targeted tissues, which may shed

YKPATHCbKWMN PEBMATOJIOTIYHUM XYPHAJ o Ne 3 (57) » 2014



ornan NITEPATYPHU

promising light on its application. The skeletal defects
exhibited by DII3 and Jag2 null mice and human skele-
tal diseases caused by mutations in DLL3 and JAG1 un-
derscore the specific utilization of the Notch ligands in
the context of skeletogenesis. Hence, defining func-
tions and the molecular mechanisms of Notch ligands
will allow us to delineate the signal-sending partners of
the Notch pathway and to develop ligand-targeted ther-
apy for skeletal disorders. Distinguishing canonical vs.
non-canonical Notch signaling is the second concern.
Increasing evidence suggests that RBP-jk-independent
Notch signaling governs differential responses to Notch
stimulation (at least under pathological conditions). In
conclusion, Notch signaling regulates multiple steps of
osteoblast development including osteoblast commit-
ment, proliferation and maturation as well as functional
interaction with osteoclasts and HSCs in the bone mi-
croenvironment.
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OCTEONOPO3 | POJIb
RANKL-RANK-OPG-CUCTEMMU

I NOTCH-CUTHAJIbHOIO LLJ1AXY

Y PO3BUTKY | PEMOAEJTIOBAHHI KICTKU

C. Caranoscbki, M. LLIoHepT

Pe3lome. dizjonorivHo pemosgentoBaHHs KiCcT-
KW CTaHOBUTb BUCOKOCKOOPANHOBAHWI MpoLec
pe3opbuii Ta yTBOPEeHHsI HOBOI KiCTKOBOI TKaHM-
HUW, npouec, HeobXiaHWK A/15 BiAHOBJIEHHS 10-
LLUKOAXKEHHS | NigTpUMaHHs MiHepasibHOro roMe-
ocTtasucy. Llev npouec 34ifCHIOETLCS 3a YyHacTHO
TPaANLIHUX KICTKOBUX KJIITUH — OCTe0b1acTiB,
OCTEOKaCTIB i OCTEOUMNTIB, & TakoX Bios10riYHNX
aKTUBHUX (PakTopiB, NOPYLLIEHHS CriBBIAHOLLIEH-
HS IKUX CIPUYMHSIE PO3BUTOK KICTKOBOI NaTtoJ10rii.
Y HaBeneHoMy ornsiai 06roBopPOOTLCS KIITUHHI U
MOJIEKY/ISIDHI MEXaHI3MU PEMOLEJTIIOBAHHS KICTKU,
BKkJto4ato4m 3’scyBaHHsi posii RANKL-RANK-OPG-
uMTOKIHOBOI cuctemu i Notch-curHasibHOro Lusisi-
Xy Y PeryJsitoBaHHIi 3a3Ha4€Horo rnpoLecy i po3Bu-
TKYy OCTE0ornopoasy.

Knio4oBi cnoBa: ocTeonopos, peMoaesitoBaHHS
kictkn, RANKL-RANK-OPG unTtokiHOBa cuctema,
Notch-curnanbHun wingax.

OCTEONOPO3 U POJIb
RANKL-RANK-OPG-CUCTEMbI

M NOTCH-CUTHAJIbBHOIO NYTH

B PASBBUTUUN U PEMOJEJINPOBAHUU
KOCTH

C. Caranoscku, M. LLIEHepT

Peslome. Duamonornyecku pemonennpoBaHme
KOCTu npeacTassiseT cob0vi BbICOKOCKOOPANHU-
POBaHHbIV rpoLecc pe3opbumn n obpa3oBaHus
HOBOVi KOCTHOW TKaHU, MpoLecc, HeobxoammMbli
/11 BOCCTaHOBJIEHMSI MOBPEXAEHUS 1 noanep-
XaHusi MMHEpPaJsibHOro romeocTtaauca. 3T1oT npo-
Liecc OCyLeCTB/ISIETCS C Y4ETOM TPaANLIMOHHbIX
KOCTHbIX KJIETOK — 0CTe00.1acTOB, OCTEOK/1aCTOB
M OCTEoUMNTOB, BMOSIOrNYEeCKN aKkTUBHbIX akTo-
OB, HAPYLLIEHNE COOTHOLLIEHUS KOTOPbIX CI10CO6-
CTBYET pa3BUTUIO KOCTHOWV ratosiorun. B HacTosi -
Lem 0630pe 06CyXXaatoTCs KIIETOYHbIE 1 MOJIEKY -
JIIPHbIE MEXaHU3Mbl PEMOAEJINPOBAHUS KOCTH,
BkJtoYasi BoisicHeHue poav RANKL-RANK-OPG-
LUNTOKUHOBOW cuctemsbl n Notch-curHanabHOro
nyTv B PEryanpoBaHnn aHHOro rpoLecca v pas-
BUTUSI OCTEONMOPO3A.

KnioueBble cnoBa: 0CTeonopos,
pemogenupoBaHue koctn, RANKL-RANK-OPG-
uMTOKMHOBas cuctema, Notch-curHanbHbin NyThb.
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